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Abstract 
This paper describes a model for calculating speed profile for a heavy vehicle uphill in a grade. Weight/power ratio and gradient 
are the most important input parameters.  Calibration and validation of the model is reported.  Several heavy vehicles are 
equipped with a GPS logger, and logged speed profiles from a large number of actual trips are compared with corresponding 
calculated speed profiles.  The results indicate a good accordance between calculated and measured speed. The paper includes a 
description of the use of the model to calculate delay in grades for different categories of vehicles, as well as some considerations 
about passing lanes and other use of the model.  
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
The road network in Norway consists of roads with varying road standard.  Between the largest cities there are 
mostly two-lane rural roads with reasonable good standard.  Road width is mostly from 6.5 to 8 meters, but some 
sections do have width below 6 meters.  In general, a large proportion of roads in the western and northern part of 
Norway are very curvy, and in the mountainous areas roads may have grades up to 8-10 percent.  Because of this 
varying road standard, it is often difficult to estimate travel time: the shortest route will not necessary be the fastest.  
The Norwegian Public Road Administration leads a project called “Speed model for heavy vehicles”.  This project is 
50 percent founded by The Research Council of Norway.  NTNU and SINTEF are both partners in the project.  The 
main idea in this project is to develop a general speed prediction model which can be used to calculate travel time 
for heavy vehicles as a function of road geometry, speed limit, traffic volume etc.  The model will be calibrated to 
registrations of speed in the Norwegians road network.  Results from this model will be used in navigation systems, 
transport logistics, fuel and emission estimation, cost benefit analysis and so on.  This speed prediction model is 
focusing on heavy vehicles and rural roads.   
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In this paper we will present the approach which will be used in this Speed Model Project to calculate speed profiles 
in grades for heavy vehicles.  The model is earlier used (Giæver a.l., 2008) to calculate criteria for passing and 
accelerations lanes in the Norwegian highways guidelines (Norwegian Public Road Administration, 2008)  
Heavy vehicles have a significant influence on capacity and different measures for quality of traffic flow at grades. 
The speed profile for a heavy vehicle depends on grade, length of grade, vehicle specifications and performance, and 
other factors including for example air- and rolling resistance. The grade is specified as a number of sub-sections 
with individual characteristics.  Curve radius and curve length, road width, bottlenecks and other factors will of 
course also influence the speed level, but in this paper we will only focus on grades. 
In chapter 2, the theoretical basis of the model will be described, followed by a presentation of results from the first 
calibration and validation of the model in chapter 3. The validation was carried out using a heavy vehicle 
instrumented with a GPS logger.  Chapter 4 presents a case study where the model is used at a specific road section 
consisting of a continuous grade.  This case study includes a wider validation of the model based on several vehicles 
in real traffic equipped with GPS loggers, as well as data from a traffic registration point with continuous 
registrations of speed, axle distance, time gap etc., and a climate station which registers temperature, precipitation, 
friction etc.  In this case study the model, in combination with the registered information at the registration point, is 
used to a) calculate lost time in the grade for different groups of vehicles, b) do some considerations about length of 
a passing lane and c) some comments on fuel consumption and emission.  Finally we give a conclusion and 
summary in chapter 5. 
2. Model description 
The model calculates a theoretical speed profile based on the following input data: 
x Vehicle and driver properties ż The mass of the vehicle [m given in kg] ż The maximum engine power [Pmax given in kW] ż Utilization of engine power [u given in %] ż The initial speed of the vehicle [v0 given in m/s] 
 
x Description of the grade ż The grade  is made up from up to 5 sub-sections ż The length [li given in meters] and gradient [si given in  %] are given for each section i ż The end speed of one sub-section will be equal to the start speed of the next sub-section 
 
x Climbing resistance parameters ż Mass of vehicle and grade as above 
 
x Air resistance parameters (aerodynamic drag) ż Drag  coefficient [cw which is dimensionless] ż Effective front area of the vehicle [A given in m2] ż Vehicle speed [v given in m/s] ż Wind speed [vW given in m/s] 
 
x Rolling resistance parameters ż Rolling resistance coefficient [fr which is dimensionless] ż Mass of vehicle and grade as above 
 
The total running resistance [Frun] will be the sum of climbing resistance [Fclimb], air resistance [Fair] and rolling 
resistance [Froll]. All resistances are given in Newton. 
Frun = Fclimb + Fair + Froll (1) 
The climbing resistance is given by the following formula: 
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Fclimb = m * g * sin(Į) § 0.1 * m * s,   (2) 
(where Į is the gradient angle and the other parameters are given above) 
 
The air resistance is given by: 
Fair = 0.5 * ȡ * cw * A * (v+vW )2 § 0.6*cw*A* (v+vW )2  (3) 
(where ȡ is the air density (typically 1.20 kg/m3) and the other parameters are given above) 
 
The rolling resistance is given by: 
Froll = fr * m * g * cos (Į) § 10 * m * fr   (4) 
(where all parameters are given above) 
 
All resistances are given in Newton and if we multiply by the vehicle speed in m/s, we get the power in W (Watt = 
Joule/s = Nm/s). The total needed power for a running vehicle to overcome the total running resistance will be: 
Prun = Frun * v = (Fclimb + Fair + Froll) * v    (5) 
This total needed power should be compared to the utilized engine power (Putil): 
Putil = Pmax * u   (6) 
 (where the parameters are given above) 
 
If the utilized power is larger than the needed running power (Putil > Prun), the vehicle will accelerate, and if the 
utilized power is less than the needed running power (Putil < Prun), the vehicle will decelerate: 
Pacc = Putil – Prun = (m * a) * v   (7) 
(where Pacc is the power needed for acceleration and a is the acceleration in m/s2) 
 
When a heavy vehicle is driving uphill in a steep and long grade, it will lose speed (decelerate) until an equilibrium 
speed (veq) is obtained. At this equilibrium speed the acceleration will be zero and Putil equal to Prun, which gives the 
following formula for the equilibrium speed: 
veq = Putil / (Fclimb + Fair + Froll)   (8) 
An excel model has been developed in order to calculate a theoretical speed profile for a heavy vehicle based on 
these formulas. The time step for calculations is set by the user, but it will typically be 1 second. Examples of 
calculated speed profiles are shown in the following chapters.  
 
This model is described more in details in a SINTEF report (Giæver a.l. 2007) and a NTNU memo (Aakre 2008).  
Theories in the model and method of approach are mainly inspired from Automotive Handbook (Bosch 2007) and 
Highway Capacity Manual (TRB 2000). 
3. Calibration and validation of the model 
The model is calibrated and validated by comprehensive observations from real traffic conditions. A route of 70 km 
was driven by different combinations of drivers, vehicles and loads. The route has about 10 independent grades 
where an equilibrium speed could be obtained. Two different drivers were involved, and 8 trips were made at 
various traffic conditions.  Table 1gives overview of all test trips. 
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Table 1 Overview of trips for calibration and validation of the model 
Trip
id
Vehicle
id
Driver
id
Totalweight
[kg]
Maxenginepower
[kw]
Weight/powerratio
[kg/kW]
1 1 1 39.650 294 135
2 2 1 35.450 290 122
3 2 2 20.150 290 69
4 1 1 14.800 294 50
5 1 2 14.800 294 50
6 2 1 47.350 290 163
7 3 1 40.650 456 89
8 3 2 16.050 456 35
 
The most important factor which influences the speed profile for a heavy vehicle in a grade, is the weight/power 
ratio. As the table shows, this factor varied from 35 to 163 kg/kW for the 8 trips in question. At least one person was 
present in the vehicle in addition to the driver to make observations of driving and traffic conditions. Continuous 
observations of each trip were made using GPS and video recordings. Relevant road information was found from the 
Norwegian Road Data Base (NRDB). In addition to the data shown in the table above, the most important data 
collected for calibration and validation were: 
 
x Vehicle speed for each second (GPS) 
x Localization (GPS) 
x Power utilization (estimated by the driver and passenger) 
x Traffic conditions and vehicle interaction (video and observed by passenger) 
x Grade (% and length) (combining GPS and road database) 
 
The model was calibrated based on some of the collected data, and validated using the remaining data. The overall 
conclusion was that the model gives a very good description of the real speed profile for heavy vehicles in long and 
steep grades. A more statistical analysis of this calibration and validation has been  made, but it is not published in 
this paper. 
The following parameters were estimated: 
 
x Rolling resistance coefficient fr = 0.015 
x Air resistance coefficient cw = 0.60 
x Effective front area for air resistance A = 9 m2 
x Maximum acceleration at low speed 3 m/s2 
x Normal air pressure and temperature with an air density 1.20 kg/m3 
x No wind 
x At maximum grade a power utilization of 95% is assumed, which means that 95% of maximum engine power is 
used for running the vehicle 
4. Case study Brustuglia  
In this case study the model is used to analyze uphill driving at a specific grade named Brustuglia.  Located by this 
road section, there is also a traffic registration station and a climate station.  The case study is based on data from 
these stations, as well as on GPS data from five commercial vehicles passing Brustuglia from time to time.  
Following a short introduction to the main characteristics of the case study, the remaining sections of this chapter 
presents results from a comparison of the speed profiles from these vehicles with speed profiles calculated with the 
model, and some possible areas of application where the model can be used in combination with data from the 
registration point.  The fields of utilisations include a) calculation of lost time (delay) at the grade for different 
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groups of vehicles, and b) some considerations about length of a passing lane.  The chapter closes with some 
thoughts about possible further use of the model.   
4.1. Description of Brustuglia, traffic registration, climate station and equipped vehicles 
Brustuglia is a grade at highway E 136 in the county of Møre og Romsdal.  E 136 is an important east – west 
connection in Mid-Norway.  The road starts at Dombås and ends up in Ålesund. The grade considered in this study 
is 10 km long. 
The AADT at Brustuglia is about 1700 vehicles and about 25 percent of them are heavy vehicles.  The traffic 
volume is considerably larger in the summer, and on Fridays and Sundays there is quite a lot of recreational traffic.  
The speed limit is 80 km/h for the section.  
A traffic registration point and a climate station are located in the middle of the test section. Horizontal curvature 
and vertical profile for the section is shown in Figure 1.     
 
 
Figure 1 Horizontal- and vertical curvature at Brustuglia 
This information is based on data from the Norwegian RoadDataBase (NRDB) which is published by Norwegian 
Public Road Administration.  The vertical curvature is somewhat simplified compared to the registered heights from 
NRDB.  The horizontal curvature is presented as radius in the start point of each element.  This curvature is 
calculated based on GPS-registration of the road.  Curves with radii smaller than 200 meters are marked with a 
circle in the figure. 
At the traffic registration station, which is located 4.2 km from the start of the section, continuous registrations are 
made of speed, number of axles, axle distance, axle weight and time gaps between vehicles.  The registrations are 
based on piezo electrical cables.  
The climate station which is located next to the traffic registration station, has a range of different sensors.  It is 
possible to get about 20 different climate parameters, of which the ones used in this study are air temperature, 
precipitation and calculated friction from a Vaisala DSC 111 sensor. 
As a part of the Speed Model Project, a series of GPS speed registrations were performed for a period of nearly one 
year.  Five heavy vehicles were equipped with GPS-loggers which saved all registered points. The registrations 
include data from a total of 33 trips where these vehicles passed Brustuglia in uphill direction.  We do know details 
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like engine power, vehicle weight, length etc. for each vehicle, but not the exact total weight of each vehicle on the 
specific trips.  There is also only limited information available about the driver making the trip.   
4.2. Comparing speed profiles from GPS with calculated speed profiles 
In this test the trips are divided into groups of vehicles which have about the same equilibrium speed when passing 
the registration station, the weight/power ratio does then probably not differ much for these vehicles.  The model 
was used to calculate a speed profile which resulted in this equilibrium speed at the registration station.  When 
calculating speed, some standard parameters in the model are not changed: Utilization of engine power = 95%, front 
area = 9 m2, rolling resistance = 0,015 and drag coefficient = 0.60.  The hill is also always composed of four 
elements with the following length (m) / gradient (%) ratios: 800 / 0.2 – 3900 / 5.2 – 3500 / 1.9 and 1800 / 0. 
In Figure 2 the results of the three trips with lowest speed; trips 4, 25 and 28, which all have equilibrium speed 
around 40 km/h, are presented.    
 
 
Figure 2 Speed profiles for 3 different trips at Brustuglia, equilibrium speed is circa 40 km/h, weight/power ratio 125 kg/kW (37700 kg, 300kW) 
In this example, the calculated speed is based on a motor effect of 300 kW.  To end up with an equilibrium speed of 
40 km/h at the registration station Brustuglia, a total weight of 37700 kg is assumed.  This gives a weight/power 
ratio of 125 kg/kW. 
It seems that these trips partly are in accordance with the calculated speed, but sometimes they differ from it.  The 
vehicle in trip 4 seems to follow the calculated speed best.  For trip 28 it seems that the vehicle does not lose much 
speed in the start of the hill, but suddenly the speed steeps down to about 35 km/h.  Probably this vehicle did catch 
up another vehicle, and did not manage to overtake it.   The vehicle in trip 25 follows calculated speed satisfactory 
except from 2.4 km to 3.6 km where the speed increase from 40 km/h to 70 km/h and decrease back to 40 km/h 
again.  This can be a result of influence from other traffic, but it is not possible to conclude.  Just at the point 2.4 km 
from start is a horizontal curve with radius 120 meters. This can truly explain some of this low speed at this point for 
both trip 25 and trip 28.  But on the other hand there are other trips where speed here is above 65 km/h. The 
influence of horizontal curvature and sight will be the focus of another study. 
Figure 3 shows measured speed profiles for six different trips which all have an equilibrium speed of about 50 km/h 
in the steepest part of the grade.  Trips 16, 17, 18 and 19 are all made by the same vehicle, a Volvo 5800 with 382 
kW and an own weight of about 12 ton.  To get an equilibrium speed of 50 km/h with such a vehicle, the total 
weight is set to 38.3 tonnes, which gives a weight/power ratio of 100 kg/kW. 
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Figure 3 Speed profiles for 6 different trips at Brustuglia, equilibrium speed is circa 50 km/h, weight/power ratio 100 kg/kW (38300 kg, 382kW) 
The speed profiles for these trips are all following the calculated speed quite good.  There are some differences at 
the start of the grade, where the calculated speed seems to be somewhat low, compared to the measured speed.  This 
could be explained by inaccuracy in the vertical profile. Normally the slope will change gradually and not directly 
from nearly 0 to 5.2. 
For all the trips, except trip 16, there has been a small increase in speed between 2.5 km and 3.5 km, as shown in 
Figure 3.  Most likely this occurs as a result of inaccurate in vertical profile, but horizontal curvature might also 
influence the speed.     
From 5.0 km to the end of the section, the gradient varies between 0 and 1.9.  In this section it is also possible to 
observe a clear driving pattern in Figure 3, while there is more spreading in the results shown in Figure 2.  
4.3. Calculating delay 
In cost benefit analysis (CBA) it is central to calculate difference in travel time for the various alternatives.  For 
project where long grades will be essential, i.e. tunnels crossing below fjords, it is very relevant to calculate delay 
for different kinds of vehicles.  In this example the model is used to calculate delay for different vehicle categories 
at Brustuglia.   
At the registration station in Brustuglia, speed is registered for all vehicles.  The vehicles are grouped by the speed 
they are measured to move with when passing the registration station.  Each category from 25 km/h to 80 km/h 
includes vehicles which have speed nearest the representative speed in the group, i.e. a vehicle with measured speed 
34.2 belongs to category 35. Categories “<22.5” and “>82.5” contains all lower and upper values. 
For each of these speed categories, the model is used to calculate a speed profile which results in equilibrium speed 
at the registration station equal to the representative category speed.  In this calculation, only the weight/power ratio 
is of interest.  The power is set to 300 kW and then the weight is adjusted.  Based on the calculated speed, profile 
travel time for the trip is derived.  
 The following simplifications are made:  a) all vehicles follow the calculated speed profile all over the section, b) 
desired speed is 80 km/h for all vehicles, although it may have been more correct to use the 85 % operating speed, c) 
categories >82,5 and <22,5 are not considered.  Those which have speed below 22.5 km/h have probably a special 
reason for driving slow i.e. road maintains, queue, special transport, etc.       
Result of this calculation is presented in Table 2.  “Delay” is the difference between calculated travel time for the 
actual category and calculated travel time for category 80 km/h.  Volume is total amount of passing vehicles in the 
registration period.  Registrations in periods with snow more than 30 min/hour and friction below 0.40, based on 
data from the climate station, are rejected while they could cause a special driving pattern.  “Total delay” tells how 
much the delay will be for each category of speed based of this traffic volume.    
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Table 2 Delay for different speed categories 
Speed
category
[km/h]
Calculated
traveltime
[sek]
Delay

[sek]
WeightͲpowerratio

Totalweight
(P=300kW)
[kg]
Volume Totaldelay
[kg/kW] [W/kg] N % Hours Percent
<22,5      338 0,2  
25 919 469 202,7 4,93 61000 237 0,2 30,9 1,7
30 789 339 169 5,92 50700 370 0,2 34,8 1,9
35 699 249 144,2 6,94 43250 1487 1,0 102,9 5,6
40 634 184 125 7,96 37700 4816 3,1 246,2 13,3
45 584 134 111 9,01 33300 8046 5,2 299,5 16,2
50 549 99 99 10,1 29700 8361 5,4 229,9 12,5
55 523 73 89 11,24 26700 9937 6,4 201,5 10,9
60 504 54 80,6 12,41 24170 15578 10,0 233,7 12,7
65 486 36 73,3 13,64 22000 23009 14,8 230,1 12,5
70 472 22 66,8 14,96 20050 27299 17,6 166,8 9,0
75 460 10 61 16,38 18310 24671 15,9 68,5 3,7
80 450 0 55,8 17,91 16750 16589 10,7 0,0 0
>82,5      14336 9,2 0 
 
As shown in this table, the calculated delay per vehicle decreases with increasing speed, while the observed number 
of vehicles in each speed category increases with increasing speed up to 70 km/h. As a result the categories 40 – 65 
km/h have largest calculated total delays summed over the observed vehicles. There are quite few vehicles in the 
categories below 35 km/h, and consequently the resulting total delays from these categories also are small.   
It is possible to divide the vehicles into weight groups, within the speed categories.  This is of special interest if 
speed, fuel and emission should be considered.   
4.4. Passing lane 
Some of the vehicles which have speed lower than 80 km/h, drive behind another vehicle and do not choose their 
own speed.   Figure 4 shows traffic volume divided into different speed categories, and also shows how many of 
them which have less than 5 seconds gap to the vehicle in front, 5-10 seconds, and more than 10 seconds. 
 
 
Figure 4 Traffic volume (N) distributed into speed categories and time gap categories at Brustuglia 
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This illustration indicates how much time it is possible to save if a passing lane were established.  
Figure 5 shows speed profiles for speed categories 30 - 80 km/h. In this figure the corresponding weight/power ratio 
is used to name the categories. 
 
 
Figure 5 Calculated speed profile at Brustuglia for different weight/power ratios [kg/kW] 
In the Norwegian guidelines for passing lanes, it is recommend that the passing lane should earliest end where the 
speed difference between heavy and light vehicles is 20 km/h. Based on the speed-distance diagram in the 
Norwegian guidelines, it seems that a weight/power ratio of about 170 kg/kW is used for a dimensioning heavy 
vehicle.  In this case a passing lane should not end until circa 8.3 km.  Because this section has a long subsection 
with gradient 1.9 % before it becomes flat, location of the passing lane’s endpoint will be very sensitive for 
dimensioning weight/power ratio for heavy vehicle or demand in speed difference. Figure 5 shows that 
dimensioning weight/power ratio of 125 kg/kW will results in endpoint of the passing lane at 5.2 km at the earliest.      
4.5. Further use of the model 
Until now the model is mainly used for two purposes; 
x decide start and end of passing lanes depending on speed difference between a typical heavy vehicle and 
passenger cars 
x estimate the influence of grades on the speed and travel time for heavy vehicles on rural roads for use in 
navigation systems, cost-benefit analysis etc. 
 
The model might also be used for more detailed capacity analysis to find equivalent factors for different types of 
heavy vehicles in grades. It is also possible to extend the model to calculate fuel consumption and emissions. 
To model fuel consumption and emissions, we are about to combine our model with the SIDRA TRIP model 
(Akcelik, 2010), but this work is not included in this paper.  
5. Conclusions and discussion 
In this paper we have described the specification, calibration, validation and use of a model which calculates a speed 
profile for heavy vehicles at grades. The model is based on utilized engine power needed to overcome the total 
running resistance for a specific vehicle. The model is in principle based on physical laws, but there are several 
factors which make a theoretical description different from real life. However, the overall conclusion is that the 
model gives a very good and realistic description of speed profile for heavy vehicles at grades. 
 The calibration and validation process was carried out using detailed observations of instrumented heavy vehicles 
where all input data were known. The measured speed profile will always contain some noise depending on driver 
behaviour, power utilization, engine specifications, road geometry, accuracy of observations, etc. Driver behaviour 
concerning choice of speed, gear, torque, rpm, etc will usually be difficult to model in a realistic way. Typically the 
driver behaviour will be even more important when the weight/power ratio is high. 
 
In the Brustuglia case study, a section of 10 km was analysed. We have found good accordance between observed 
speed profile and calculated speed profile. Description of the vertical curvature is somewhat simplified, this is 
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probably one reason of why there is some deviation between calculated and measured speed profile at shorter 
subsections.  The section used in this case does have some curves with radius that can influence on vehicle speed.  
Horizontal curvature is not described in this model.   
In road guidelines, cost benefits analysis, capacity analysis, etc., vehicles are traditionally divided into two groups; 
light and heavy vehicles. This study has shown that the group “heavy vehicles” is very inhomogeneous. There is 
need for a further refinement of this group and divide into sub-groups depending on weight/power ratio. These data 
could be difficult to observe, but weigh in motion systems and electronic vehicle certificates could be possible 
solutions. It is also possible, as we have done in this project, to calculate the weight/power ratio based on measured 
equilibrium speed for free-running vehicles in steep grades. 
The model might also be used for more detailed capacity analysis to find equivalent factors for different types of 
heavy vehicles in grades. It is also possible to extend the model to calculate fuel consumption and emissions. 
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